The hydrogen evolution reaction (HER) is one of the most significant reactions in the electrolysis water process, and electrocatalysts which possess high mass activity and excellent stability are the most important driving factors to improve the efficiency of HER. As for the efficient commercially electrocatalyst, Pt/C is limited in development because of its high cost. Therefore, the study of non-Pt high-efficiency catalysts is particularly important at this moment. Here, we creatively report for the first time a kind of RuPdM (M= Ni, Co, Fe) ultrathin nanosheets (NSs), which exhibit extraordinary electrochemical properties for HER under alkaline conditions. The overpotential of optimized trimetallic Ru 38 Pd 34 Ni 28 ultrathin NSs is only 20 mV (10 mA cm −2 ), and the mass activity reaches 6.15 A mg −1 noble metal at −0.07 V vs RHE. It can be compared to Pt-based electrocatalysts, which have the highest mass activity currently reported. The durability tests also prove that the stability of the electrocatalyst is outstanding. DFT calculations disclose that the flexible modulation of electronic structures of RuPd ultrathin NSs is achieved by utilizing the additional 3d transition metals Fe, Co, and Ni. In particular, the Ni-3d bands act as the continuous electron-supply center for Ru to ensure an efficient electron transfer toward the adsorbates. Meanwhile, the stable Pd sites are critical for coupling the O-2pπ orbital in the initial H 2 O splitting with a facile barrier. This work will open up a new era of non-Pt materials for alkaline hydrogen evolution toward practical application.
■ INTRODUCTION
Nowadays, people's demand for energy mainly depends on fossil energy. Coal and oil are the most important energy sources, but they bring many environmental pollution problems, such as global warming, air pollution, and resource exhaustion, which have become a great challenge for human's survival. 1, 2 Hydrogen energy as a clean, renewable resource can effectively alleviate the above environmental and resource problems, so hydrogen energy research is extremely urgent. 3−7 In recent years, many novel routes for generating hydrogen have been developed, such as photolysis 8−11 or electrolysis 12−14 of water to produce hydrogen. Among these approaches, electrocatalysis by virtue of the convenience and nonpolluting gas emissions have won the favor of many researchers. 15−17 The hydrogen evolution reaction (HER) is the cathodic reaction in the process of water splitting. The long life of alkaline electrolysis and the simple composition of an electrolytic cell make producing hydrogen from electrolyzed water in alkaline solution meaningful and significant. 18−20 However, the kinetics in alkaline solution is 2−3 orders of magnitude smaller than in acidic solution; 21−23 therefore, alkaline HER is still faced with great challenges. As the core link in the electrolysis process, many kinds of electrocatalysts have been reported in different literature. 24−28 Compared with them, Pt is still the most effective electrocatalyst in HER, 19, 29 but the excessively high price of Pt-based electrocatalysts and ordinary stability limit its future development.
Among various non-Pt electrocatalysts, Ru-based and Pdbased materials are considered to be desirable basic hydrogen evolution catalysts because of their favorable hydrogen bonding energy. 30−32 For instance, Li et al. found that the hydrolysis energy barrier of RuCo 1 (19.28 kcal mol −1 ) is smaller than Ru (26.48 kcal mol −1 ), RuCo 2 (23.01 kcal mol −1 ), and RuCo 3 (21.89 kcal mol −1 ), because the enhanced OHbond energy caused an increase in the charge density of the target point around Co atom and results in sluggish water dissociation kinetics, which in turn affected the activity of the active sites. 33 Xu and colleagues prepared Pd/FeO x (OH) 2−2x nanoparticles with a core−shell structure. Experiments showed that the activity of HER has a volcanic shape correlation with the coverage of FeO x (OH) 2−2x . The H adsorption and H desorption signals on the surface of Pd/FeO x (OH) 2−2x are stronger than Pd. The results further disclosed the dissociation and transfer process of water. 34 Further progress has been developing, but there is still much room for exploration in designing and synthesizing alkaline HER non-Pt electrocatalysts with high mass activity and outstanding stability. Structurally, the 2D materials have a larger contact area when combined with the carbon materials than 1D nanowires or 0D nanoparticles, so that they could improve the stability of electrocatalysts and increase the electron transfer rate better. 35−37 In addition, ultrathin (<2 nm) structural properties allow exposing more active sites. 38−40 Here, we successfully synthesized RuPdM (M = Ni, Fe, Co) ultrathin nanosheets(NSs) by a wet chemical method for the first time. These nanostructures have ultrathin nanosized, 2D sheet-like structures and multimetal components. They show excellent electrocatalytic activity and stability in alkaline HER; further, optimized Ru 38 Pd 34 Ni 28 ultrathin NSs exhibits the highest electrocatalytic mass activity, and the hydrogen evolution mass activity in 1.0 M KOH solution reaches 6.15 A mg −1 noble metal at −0.07 V vs RHE. It is 9.6 times better than Pt/C, 88 times better than Pd/C. It is the highest mass activity among the non-Pt electrocatalysts reported so far. Moreover, after 10 000 cycles of cyclic voltammetry (CV) test, the attenuation of catalytic activity is basically negligible. DFT calculations indicate significant modulation by the introduction of three transition metals to RuPd NSs, in which Ni acts as the electron pump toward Ru activated highly efficient alkaline HER. The introduction of noble metal Pd enhances the strong p−d coupling between Pd and H 2 O and guarantees the efficient water dissociation selectivity in 1.0 M KOH.
■ RESULTS AND DISCUSSION
Synthesis of Ru 38 Pd 34 Ni 28 Ultrathin NSs. The Ru 38 Pd 34 Ni 28 ultrathin NSs were synthesized by a one-step route. In a typical synthesis method, palladium(II) acetylacetonate (Pd(acac) 2 ), tridecacarbonyl triazine (Ru 3 (CO) 12 ), nickel(II) acetylacetonate (Ni(acac) 2 ), molybdenum carbonyl (Mo(CO) 6 ), and oleylamine (OA) were placed in a sealed pressure-resistant vial, sonicated for 30 min, and finally formed into a dark brown mixture. The solution was heated to 180°C from room temperature under magnetic stirring and held for 2 h. Then the final black gelatinous products were collected by centrifugation and stored in cyclohexane for further use (detailed synthetic procedures are summarized in the Supporting Information). No unexpected or unusually high safety hazards were encountered. Transmission electron microscopy (TEM) was first used to characterize the prepared Ru 38 Pd 34 Ni 28 ultrathin NSs. As shown in Figure 1a , the obtained Ru 38 Pd 34 Ni 28 ultrathin NSs possessed a 2D sheet structure. High-resolution TEM (HRTEM) (Figure 1b ) shows that the gained Ru 38 Pd 34 Ni 28 ultrathin NSs exhibited high crystallinity and lattice spacing (0.224 nm) is clearly visible. Furthermore, the thickness is about 1.60 nm on average ( Figure S1 ), approximately about six-atom layers, being consistent with the thickness of the nanosheets obtained from atomic force microscopy (AFM) ( Figure S2a ). In addition, the TEM mapping ( Figure 1c ) shows that the Ru, Pd, and Ni elements are uniformly dispersed on the nanosheets. The XRD spectrum ( Figure S2b ) shows that the peaks of Ru 38 Pd 34 Ni 28 ultrathin NSs correspond well to the peaks of Pd (JCPDS No. 46-1043). The characteristic peak at 40.11°is attributed to the (111) plane of Pd, and the formation of broad peak is because of the extremely small and thin nanosheets. The peaks of Ni and Ru are not obvious, indicating that the synthesized Ru 38 Pd 34 Ni 28 ultrathin NSs material is well mixed in nanometer size and the (111) crystal plane is dominant.
The synthesis of Pd ultrathin NSs ( Figure S3 ), Ru 56 Pd 44 ultrathin NSs ( Figure S4 Figure S9 ). By changing the molar ratio of Ni(acac) 2 and Pd(acac) 2 , we also obtained Ru 39 Pd 48 Ni 13 ultrathin NSs ( Figure S10 ) and Ru 36 Pd 41 Ni 23 ultrathin NSs ( Figure S11 ) with different Ru, Pd, and Ni elemental compositions. These obtained RuPdM ultrathin NSs were quantitatively analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis and matched with EDX analysis.
The valence state of each element in Ru 38 Pd 34 Ni 28 ultrathin NSs is analyzed by X-ray photoelectron spectroscopy (XPS). It also shows that all three metals are present in the synthesized nanosheets material. Figure S12 shows that the dominant peaks of Pd 3d 3/2 and Pd 3d 5/2 are located at 335.7 and 341.1 eV, which are characteristic peaks attributed to Pd 0 . The positions of these two peaks are negatively shifted about 0.5 eV compared with those reported in the literature. 41 The peaks at 336.8 and 342.2 eV belong to Pd 2+ . 41 The spectrum of Ni 2p shows that the dominant peaks at 855.5 and 872.6 eV, correspond to Ni 2p 3/2 and Ni 2p 1/2 , respectively, and the peaks at 855.5 and 872.6 eV are attributed to Ni 0 . Peaks at the center of 857.2 and 874.7 eV are attributed to Ni 2+ . These peaks of Ni 2p are all positively shifted about 0.6 eV. 42 The 3p spectrum of Ru shows two peaks of 461.2 and 483.8 eV, which are attributed to Ru 3p 3/2 and Ru 3p 1/2 , respectively. The peaks Catalytic Performances of Electrocatalyst. In order to evaluate the HER properties of these nanosheets, we performed electrochemical performance characterization in 1.0 M KOH solution. The synthesized ultrathin NSs were combined with Ketjen black to form a catalyst solution of 1 mg mL −1 ( Figure S13 ). Catalysts were first activated by CV and the scan rate was 5 mV s −1 . Figure 2a shows the polarization curves of Pt/C, Pd/C, Ru 56 Pd 44 /C, Ru 38 Pd 34 Ni 28 /C, Ru 36 Pd 41 Ni 23 /C, and Ru 39 Pd 48 Ni 13 /C after iR compensation. Ru 38 Pd 34 Ni 28 /C has the lowest initial potential and the largest current density. When the current density is 10 mA cm −2 , the overpotential of Ru 38 Pd 34 Ni 28 /C is only 20 mV, 9 mV lower than Ru 56 Pd 44 /C (29 mV), 71 mV lower than Pt/C (91 mV), and 398 mV better than Pd/C (418 mV) ( Figure 2b ). It can be seen that the introduction of transition metals can significantly improve the electrochemical properties of electrocatalysis. RuPdNi/C exhibits increasing catalytic properties by adding the proportions of Pd and Ni. This phenomenon also indicated that the catalytic activities of RuPdNi/C are closely related to the composition ( Figure S14 ). Figure S15a compared their mass current density. Furthermore, Figure 2c also exhibits that the mass current density of Ru 38 ) . It is indicated that the HER activity of Ru 38 Pd 34 Ni 28 /C under alkaline conditions is higher than commercial Pt/C and most alkaline hydrogen evolution materials (Table S2 ). The Tafel slope is also minimal ( Figure   2d ). The TOF reaches 12.5, 2.9, 2.28, and 0.68 s −1 at 200 mV, corresponding to Ru 38 Pd 34 Ni 28 /C, Ru 56 Pd 44 /C, Pt/C, and Pd/ C, respectively ( Figure S16 ). The H 2 produced during the reaction was collected and tested by gas chromatography. The data shows that the measured H 2 value is almost identical to the theoretical value, and the Faraday efficiency is closed to 100% ( Figure S17 ).
Additionally, stability is also an important indicator for evaluating electrocatalysts. The stability of Ru 38 Pd 34 Ni 28 /C was tested at the potential of 42 mV ( Figure S18a) . The time versus voltage curve shows that after 24 h, the potential reveals only a slight attenuation. After the 10 000-cycle CV test, the offset of the polarization curve is basically negligible (Figure  2e ). It proves that Ru 38 Pd 34 Ni 28 /C has excellent stability. After the stability test, we analyzed the change in the content of each metal element by the ICP-AES test. The results show that only the Ni content is slightly reduced, which may be immersed in the electrolyte. Subsequently, we conducted TEM, HRTEM, XRD, and XPS characterizations of the electrocatalyst after stability test ( Figures S19 and S20) , and found that the structure did not exhibit particular changes.
Further, we compared the HER performance of (Figure S21 ), respectively. The activity is not as good as Ru 38 Pd 34 Ni 28 /C. Their stabilities were also tested ( Figure S22) , and the results show that after the 10 000cycle CV test, the polarization curves slightly shift, but the degree of shift is negligible. In any case, the mass current densities of all RuPdM/C materials are much higher than commercial Pt/C. The above electrocatalytic properties indicated that the ternary nanosheets we designed have awesome HER performance in 1.0 M KOH. Experiments also found that Ru 38 Pd 34 Ni 28 /C has a larger electrochemical double layer capacitance (EdlC) (4.8 mF cm −2 ) than other synthetic materials, indicating that it has a larger electrochemically active surface area ( Figures S23 and S24) .
DFT was used to investigate the introduction of transition metal (Fe, Co, and Ni) and Pd metal to Ru in facilitating the alkaline HER (Figure 3) . The model of RuPdM (M = Fe, Co and Ni) shows an interlayer distance of 16.8 Å, which is highly consistent with the experimental AFM results of 1.60 nm. The surface-active bonding and antibonding orbitals near the Fermi level (E F ) have been illustrated for addressing effective modifications of Ni, which leads to the evident surface electron-rich feature (Figure 3a) . The modulations originated from the introduction of the third transition metals are also illustrated by the normalized partial density of states (PDOS). From Fe to Ni, varied changes in electronic structures are noted, indicating different levels of modification of electroactivity ( Figure 3b ). More specifically, a linear shifting up of dband center is clearly demonstrated, in which the d-band has been uplifted from E v of −2.5 eV toward E v of −1.5 eV, representing a gradual activation of electroactivities in RuPdM (Figure 3c ). Then, we move to the detailed PDOS of each RuPdM. In RuPdFe, the e g -t 2g component of surface Fe-site stays at E v of −3 eV and E v of +1 eV, respectively. Meanwhile, the Ru-4d bands are located at the center between Pd-4d and Fe-3d bands, representing a stable valence of Ru is preserved by shielding from Pd and Fe ( Figure S25a) . In contrast, a good coupling between Ru and Co in RuPdCo has been observed, which averages the band-center position to avoid the overbinding effect ( Figure S25b ). Most importantly, the substantial electron boost is achieved by the "electron pump" Ni-3d bands, which exhibit high occupation of electrons near E F . The continuous electron supply from Ni guarantees the highest electroactivity toward alkaline HER ( Figure S25c ). The electronic structures of key intermediates in alkaline HER are also critical in determining efficiency. The initial reactant H 2 O displays the dominant peak at E v of −3.0 eV, which is wellmatched with Pd-4d bands for achieving a facile water dissociation. The PDOS of formed *OH shifted toward a lower position than Pd-4d bands. The blocking effect of Pd-4d bands significantly alleviates the overbinding effect that hinders the formation of H 2 . A similar PDOS occupation is noted in *H that supports the high electroactivity of H 2 formation (Figure 3d ). From the energetic view, the pathways of both Ru and RuPdNi ultrathin NSs indicate a 0.50 eV barrier at the initial [H 2 O* + H → *OH + 2H]. However, the larger overall energy release of RuPdNi demonstrates a stronger physicochemical trend of alkaline HER (Figure 3e ). The activation barrier of H 2 O-splitting behavior illustrates the RuPdNi system significantly minimizes the barrier from 2.80 to 1.70 eV of the pristine Ru surface, being a more energetic favorable trend for alkaline HER (Figure 3f ).
■ CONCLUSIONS
In summary, by systematically engineering the electronic structures and material morphology of non-Pt electrocatalyst, the RuPdM (Fe, Co, Ni) ultrathin NSs possess excellent mass catalytic activity under alkaline condition. Additionally, the regulation of the composition ratio allowed us to select the most active element ratio. Trimetallic Ru 38 Pd 34 Ni 28 /C, as the most extraordinary electrocatalyst under alkaline conditions, achieved the maximum mass activity among non-Pt catalysts reported so far. Furthermore, the activity decay was particularly slow after a long period of stability test. The simultaneous contributions by multitransition metals supply a practical strategy to achieve flexible electroactivity tuning of nanosheets. In particular, the Ni-3d bands act as the pivotal "electronpump" to boost the Ru-4d bands in actualizing highly efficient alkaline HER. Meanwhile, the lower activation barrier of initial water splitting is another key factor to ensure the high efficiency and selectivity of alkaline HER, which is induced by the substantial coupling between pinned Pd-4d bands and H 2 O. This work will open up a new era of non-Pt materials for alkaline hydrogen evolution toward practical application.
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